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Shi-ee 1964 exteitzive and successfu2 collaboration in a bomb
dynamics prograta ha, contirued between resea.rch organizatil.ons In
Aus8tralla, the United Kingdom and the United States. various
aspects of' this Joint effort have been reported in detail .in
separate reports: Part I treated the dynamics, aerodynamici and
performance of free-fall weapons stabilized by fixed crucli;om
stabilizers. Part II gave a similar treatment of nplit-sklrt(Ove,)
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stabilizers. Part III reviewed results obtained from the use
of freely spinning panel stabilizers. This series of repo±'ts
is concluded in the present document which discusses the task
of the ball.1stician in light of the knowledge gained during
the program and illustrates the application of the techniques
dsrived to missile design. ý In addition, brief reference is
ade to a number of researdh projects which have stemmed from the4 ;' [riginal tripairtite work.
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PART IV THE EXTERIOR BALLISTICS OF BOMB DESIGN

The purpose of this report is to summarize the tripartite cooperative
free,-fall research effort among the Naval Crdnance Laboratory (NOL-
now the White Oak Laboratory (WOL) of the N~aval Surf'ace Weapons

_Center), the Royal Aircraft Establishment (RAE), and the
Australian Weapons Reseai~ch Establishment (WRE). This document
is the fourth and last in a series of reports which sununanize
various aspects of the program. Of consid~eration here are some
of the conclusions in the exterior ballistics of bomb design

~ I reached as a result of this joint effort.
This project was sponsored by the Naval Air 3ystems Comm~and under
AIRTASJ( No. A320-320C/WF32-323-201.
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Commander

LEON H. SCH1II)EL~
B3y direei~ot



IA• NOLTR 74-58

CONTENTS

Page

1.0 INTRODUCTION . PaeI
SYMBOLS . . . . . . . . . . . . . . . . . . . . . . 4

2.0 ANOMALOUS ROLL BEHAVIOR . ........... 6
3.0 MODIFICATION OF MAGNUS EFFECTS BY 1HOE'VANE. ...... 13
4.0 OUTLINE OF RELATED RESEANCH . . . . . . . . . . . . .. 22

4.1 Aerodynamics of the Monoplane Tail ......... 22
4.2 Application of Freely Spinning Stabilizers to

Guided Missiles. . . . . . . . . 24
14.3 Examination and Measurement of Magnus Effects .... 24

5.0 BOMB DESIGN CONSIDERATIONS. . . . . . . . . . . . . . 25
5.1 Inltial Design Study ................ 25
5.2 Tasks of the Ballistlcian . .a. . 2.
5.3 A Practical Example of Bomb Design .... 4 .... 32

6.0 CONCLUSION. 39
7.0 REFERENCES. . . . . . . . . . . . . . . 41

"ILLUSTRATIONS

Figure Title Page

1 i Nose PFobe Geomety.. ....... 7
.2. Comparison of Measured arid Predlcted -oil Ratesfor Rourd Numberl26 . .. . . . &

. i 3 Side Force Coefticlent Vers.0s Angle of Attack at
.a NTeh -umer o-of 0.5 and a, Reynolds tlumber of
"".33 x 10+' Per' Fo0ot . . . ... . . . . . , . . 10
Thw Moment Coerficient Versus Angle of Attack at
.a. eh Nursher of 0.5 and a Reynolds hNumber of
3. 33 9 10+ 6 perFo . ... .."Oot1
- oll Moment Coefficient Versus Angle of Attack at
a Ma.h Nunber of 0.5 and ki Reynolds Number of
3.33 x 106 Pei Foot, and a Roll Angle of 22.5
begrees. . . . . . -. . . . .. . . . . . , . 2

6 Yaw Force Coeffllent Versus Reduced Spir Hate
for the 1823 Fesearth Store With Fixed Cruceiform
Stabilizer at a Mach iinumber of 0.85 With and
"Without ; Yaw Probe. , . . . . . . , . ,

7 awu Imiotent, Coefficient lVersuo Reduved Spin Rate
for th~ .4$23 Reaenroh Stove With Fixed Cruciformn
*tabi"izer at a Mach Number of 0.05 With and
Without A Yaw Probe. *.....,...... 1,5

8 M;821 Research. Store With 1$ore Vanes. . ' . . . . 18
Nutational Damping Versus Time . . . . ...... , 20
10 -Preessional Damping Versui• Time . , ... , . , 21

11 Static Margin Veraus Stabilizer Roll Angle . 23Bomb Stability Design Boundaries 4.*... .... 271. 2o• 7 3
13 Reference Bomb . . . . ,. . . -33



j ~4OLT~t 74-58

CONTEN4TS (Cont inued

Figure Title Page

141 Dr'ag Coefficienit Versus Mach N~umber for the

1.5 Response to 20-Degree RIelease Disturbances
202-Degree Roll Orientation and a,0.05-Degree
Fin Misalignment in Roll . . . . . . . . . . . 36

16 Response to 20-Degree Release Disturbances 20?-
Degree Roil Orientation and a 0.1-Degree Fin
Nisaligiiment inRoll .. . . . . . .. .. . . . . .

17 Coknparlson or' Pin tMisaalinment Measurements. ..... 38



NOLTR 74-58

1.0 INTRODUCTION

This report is the fourth and final docume.nt of the tripartite
free-fall weapons dynamics program. The work originally began in
1960 as a bipartite cooperative venture between the United Kingdom
and Australia. The main aim was to study the dynamic behavior of
free-fall weapons through the complementary use of computer trajec-
tory simulations based upon wind-tunnel data and instrumented free-
fall stures. The scope and accomplishments of this early work are

Y presented in detail in reference 3. Technical discussions between
represe. 4 tatives of the two countries and the United States research
establishments broadened the aims of the program, and since 1964
the program has been pursued on a tripartite basis.

in the context of this report it is appropriate to review
'briefly the original research program on bomb dynamics and to comment
upon the Value of the project as a cooperative endeavor between the
three participating countries.. Timeliness was perhaps q. factorL which cottributed most toward the success of the project because
mutual interest in the work was stimulated at the onset through each
country's need to establish improved design criteria in bomb
•,lt-•tics, Exchange visit*, made early In the program and continued

regularly throughout,, led to fruitful sharing of data and experince
by bringing together experts from numerous research establishments
fIn the three coun1tries.I The possession of full-scale instrumented bomb test vehicles
pr 4v V ided 'an excellent basis tor tbhe experimental program whih.-had
the following main objectives:

a. To provide a more .rigoroous check on the validity of curtett
theories by ntaTing correlaticis between the# observed behavior or the-
res-earc-a vehicle and that predicted f rom a mathematical model using
t! the C! ost complete sets of wind-tnnel and .free-tlight data
obtainable.

- ýhodes, C. W, and Shannon, P. IL W,, "Results and Condlus•ons of'
the Joint £AE/WAgi Research Program on the. Flight Dynamics and Ballistic
Consistency of Freely Falling Missiles, Part I, Bombs Stabilized by

i " -. Fixed Cruciform• Pins," E TR 65'00, Royal Alrcraft Xstablishment,

becember 1965- alsooWEl Report NSA 20, Weapons Research E.tabfl.ia~eiat.,
S1965,

•,•[..
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r b; To investigate ideas, both theoretically and experimentally
which provide solutions to some of the stability problems experienced
by free-fall weapons or to increase weapon versatility and ballistic
consistency through design improvements.

a. To develop new experimental methods for obtaining aerodynamic
data.

A The first objective Is the most important single aspect of the
tripartite program. Certainly the most significant advances in bomb
ballstics over the past 15 years occurred in the development of
three main toolst first, large electronic digital computers for
carrying out hlgh)ly detailed weapon simulations; second, transonic
-wind.,tunnels with test sections of sufficien t size for testing large-
scale models-up to one-half scale in this ptogram; and third, reliable
-fulU-scale stores with internal instrumentation,. together with a
telemetry system rot t-ransmission oof the measured variables to a
around -station.

. With the availability of these tools among the three countries
a maeaningful tlipartite research program became possible. EXtensive
wind-unnel measurements were carried out in ltboratorles ±n the
United Kingdom and the United Sltates,, with sa.e speoialhzed .Studles
being carried out in Australia as well. Trajectory Simulatl )ns for. the research prOgram were perrormd t te UiddS at .Naa.-uf

.. Weapon Oak Laborato.r (OL.), and tle Austra-lian Weapone
. .. arch :Etablishment. The ree-fall telemetry tests wet- designed
andxeuted.by the Weapons.Research -Establishment.•

As noted in b. above, attentionwvas liven to the testing of
-ovel stabi.liz-ers. Among such devi0es was .th oplit.-skirt atabilizer.
A split-sklr.it stabilizer, is. ormed byslittfig the tail: cyltndv,.
aXI.R, into petals, usually, tour* in number. The main advantar•e. of..such a stabilizer is-its use as a- varlable draS d-evice,. Ipeitting
the :operation: of a Croee-iall weapon in a:*high or lowwd.a de by .
vary Ing the petal opening. -Theý seeond tripartite r eport then wv "..
devoted. to a 'oorr hensl.% assessment of the aeroballi.stic charaete..-

Sistioc of the pilit skirt.. Ahother .itovative stabilizer was the
freely. splnning stabilizer. In.Ite simplest fom -this stabilize•ir
is a conventional panel stablizer which can rotate about thlw weapon's
-iongitudinal azl, Rotation •of the stabilizer is .affected .b oanti .
"the Tpnels. The forbody vill. spin only under the intluence at its
own a.svftetries and any torque triansmitted from the: tall through
bearing drag. The advantages of thie stabilit-er are the minimization
. o. elimination or olI-induced £orce- and 'Lmeants, ra•pd spin-

2 fli•vn'.r-Shanron, 11. . W.,.and tanr.er, F. "S e JAont DOL/
".AE/WE lResearh-Progtn oil -Bomb Dyn"1io,. Part U, A Low-Drag Bomb
--with $plit t St0ab14-n,-- HOLTh .69 43. Naiv•l Ordnaince Laborator.;
TA 70038, Royal Aircraft Eitablistmentt; RZepont -SA. 26 Ve&nas:-ReseacPh
Estb.ish eAt,,Nomber1

L .,: :. . . - " •..... -. .'2
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acceleration of the stabilizer through resonance, and its use as an
3 environmental sensor. The dynamic and aerodynamic characteristics

and the anticipated performance of free-fall weapons using the freely
spinn5.ng stabilizer are reported in reference 3.

Objective c., for the most part, covers various testing techniques
whose development was strongly motivated by the tripartite prograr.,
Among such improvements in obtaining aerodynamic data might be4
included the development of gas bearings for pitch damping supports,
M~agnus balances,5 electromagnetic transducers for angular measurements
in pitch damping,6 one-, three-, and six-degree-of-frtegom data-
reduction programs,7 and various tr~ajectory programs. s"

The present document considers various aspects of the research
work not covered In the previous reports. Among these items is the
anomalous roll behavior caused by the presence of a yaw probe aIt
the bomb vertex. Inl addition, a summary is given of various completed
abd continuing research efforts w~hich, while outs!.de of the tri-
pairtite program, nevertheless show the strong influence of the program.

*345ni'P7. T, Slantion, J. H. W., and Tanner. F'. J.,, "The Joint UL
RAE/WRE R~esearch Program on Bomb Dynamics, Part 111, A Low-Drag Bomb
with Freely Spinning Stabilizerss," NOLTH 73-77., Naval Ordnanice
Laboratory; TR. 73060, Royal Aircr'aft Etablishmtent; Repoirt 904 Np~&
Weapons Research Establishmnents June 1.973

-. Regan., F. i. and landolo, J. A.,, "lnstr iime tationo Tochniquei and
An- ~ 1at 1e 4*4*a Ora n Latboratory. for tho Determination

pf ipyr~amic Derivntives Ini the Wind Turnnel" UOiJTH 66-23, N~aval Odrna:,oe
Laboratory, August 1966

5%ewin. F. J., and Ror'an~off, L. V., "Wind Tunnel i'ltinus l~eassure'me'i t.
a the ý::dvaI O.rdnance Laborato1rys" A.IAA Paper 66-753, AlAAAe r' 1
"ea~ting~ Confer'ence, Los Angeies, C41f0vi.Ve 2 1i-d') -6vpt~eaer 196;-
also -AIAA Joulival, Vol. 50. No. 66 1967

an J. g0anf H,0 and)oms J. E.. "Variable Nelucetanoe
Tranadu-aex top Use In Wind Tunnel.. Pitch-Damping M4easureraents." MAI.4t%

.6 i. i, ava1 Odnan; e Ltbora~toi-y, 1965
7 ~nd~e', . i., A 4etfrxt for vittevtni, th aram~etevs of Ordiiviry*

-4et ia NQa1m3WJLTH (48-192, Naval Ordnance Laboratorey,
~.o~vtmber :1966

4..... .j Homet.* J. E~., 'A Powered ýl xDegee-orFreedott Trrajectory Prgr"
ro r Ve-hiclot with Freely Spinning Tall Stab1iizerog," V.LTH 69-155,

Uav1 Odnance labomitorlo October 1969

90oodaloo P. L,s "An 18.1 7090 Slx-Vegreef-or-reedom Higid Body
1-ajectory P&%Yar~,* Tech. N~ote HSA 118, Weapons hesearch 'Establiph-
mient* June 1966

3



• Such wo• include a study or the effect or nose vanes for diminishing
the Magnus moment on a tree-rall store, and an investigation of the
application of freely spinning stabilizers to a canard controlled
iar-to-air aissile.

Broadly, the overall aim or the tripartite program was the
improvement of' performance and ballistic consistency of free-fall
weapons. Thus, a brief outline is included in this report of the
significant problem areas or Cree-tali weapon design. These areas
are isolated and identified graphically as functions of static pitch
frequency and sp~n rate. A.t$pical medium-weight free-fall store
will then be chosen as a generic weapon in tracing out acceptable
design procedures. Finally, the tripartite program will be reviewed
with particular emphasis on the .effectiveness of such a cooperative
effcrt.

S.MBOLS

4 aspect ratio, b 2/3

b stabilizer span

b stabilizer opan in calibers, b/d

C1  roll moment coett:lcient,. 1t4/QSd

C1  dwVWfngin roll. derivative, 4 ) ip
Cta irolling moment derivative due to fn1 cant, act/a4

I CO pitching moment coefrficient, My/QSd

#11 pitching 0o ent derivatilve- VWith respect toale aot or
: attack,, sCtrae,

dzping-1ni pitch derivativel, Sm/Alq 4 3cm/a(did/av)

-,. C :normal force coefficient, -Pt/Qsd
normal foce de-tivative with respect to angle of

.<.. , ~~attack., 3%/So=.. .

Ch yaw.ing xi~owient coefricient, Q1/Ad-

CMAnus derivative, 5Cn/3P3a

rd eereoene length (masisua body dlsaster)

: .•I• ~fineniess ra-tio, ILid .
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{F19pyFz3F- forces along {x,y,zl axes

axial moment of inertia

'7 transverse moment of inertia

KA nondimensional axial radius of gyration, I/d

nondimensional transverse radius of gyration,,'id

I body length

7; stabilizer moment arm (calibers)

t! 19M.) moments about {x~yjz) axes

Mn mass

{p,'Q#r} angular rates about the {x,y,z) axes

p nondimentdonal spin rate, pd/2V

q ~nondirmenslonal pitch rate, qd/2V

dynamic pressure, l/2oW2

a'nondium-ensionai y-aw rate, rd/?V

J ~ref'erernee anval wd/4

gyro-seapie stability pai'-arztter

I ~ 1 rutpeed

aerotkallistlc body a*e

(x~y~I nel0 of attvtnk

antrne *1 y&.

Adkimpthe t'actor

p den I ty,

-non dlauesloau s1o 1Nqenywd/2V
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~ t circular yaw fr-equency

We nondimensional yaw frequency

S Subscripts

b tody

n mutational

p precessional~

t t rimrr

2.0 ANJOMALOUS ROLL BEHAVIOR

An important finding of the research was concerned with the large
* effect that apparently sm~all configurational changes have on missile

flight performance. This was revealed dramatically by gross altera-
tion In the trajectory of a research store which was fitted with a
nose probe.

A nose pz'obe was added to a li-rited number' of' the- free-fall,
M57A researc storD inoder to Improve. the accuracy in measurement
of aw.Thedimensions arnd poisition of' this probe. ave illustrated

In Figure 1. Initially It was beli-eved that the presence of the
probe would h~ave a negligible effrect on. the f'lliht perform~ance-ot the
at sore since, the length of the rrobe was less thain 7 per-enit, of the
body length and the d$iameter less than 5percent olf the bodtiy dlampter.
HoWi.Vver, In two Instances abnonmaI rall-Ing boh&vtor was- observed at

* high Inci-dence durIng the b~rat few seconids of fall 'wnich could riot
*be explained' onh the basis or' the available. induced rolli~ng rtoýxment
*.data. AA entnple4 of' rieasarod and predictod P0oll rates I's rprioduced

At the tioke ot' the flight trials rollnA IV1g behovior at large~ anglos
0r ata~, wa ot ruh~y- uniderstood,, but It was known that Vortices
she4 Cram the bomzb body at hirh Icdence cold eet~ exceptionll

* ~Strong rolling soitent. I r t-heypse i o~ p m ty t h
* . stb~lzbg ins.. A se-ries of ml-cl soetre toiqts27  orre

oult 'at 'WRE contlnr-ed thwvjee of sueh body vortices and the work
of. Thams, OnAnd Hr1au3 W1 has further Indicated. how 1,thecsatelt

KUhno . D ., ~On the! Plow Over a aofnb Shape at Large Anglea of
Ineidenae, 'WE Ub. Remo VSA 1.31o April 1-905

"MOMS~t D b. and Mt, rriso i, P.. V. "On t~he A#sY M ".tetrc I , biddilng -nf
Vortices rrom Slendcir Cylindrical liodios at Large -Angles aof Attack,"
1A~ I toch. Note USA 106, May96

12Thnon )L .. nd F-0ion IX t., i Spacing, Plosit-Ion and
Strwnsth. otr Vortices. in týhe Vake or Slendisr Cylindrical b-ndtee -at.
La4rge Incidence WOEE flepor~t IUA 25i Juno l969ý ailto Journal ZPluid
MeettAica (1*971$ Vol. 504F Pt. P, pp151-7T&3
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of such vortices are prone to scale effects and may be critically
influenced by extremely small changes in missile nose alignment.

Becautqe wind-tunnel measurements had been carried out on the
basic co Iguration only without the rose probes it was decided that
in view of the evidence available further tests should be made with
the nose probe fully represented on the wind-tunnel model. Thusi
five-component static measurements were £rried out by RAE in the
6- by 8-Foot Wind Tunnel at Farnborough. • Comparisons were made
at RAE for the model with and without probes with the probe rotated
180 degrees and at a wide range of Reynolds numbers.

It wan found from these data that the normral-fcrce and pitchinA-
moment coefficients were not greatly affected by the presence of the
probe. Certainly some alteration of the in-plane force and moment
did exist, but not greater than 5 percent in either coefficient at
aaiy angle of attack. Clearly, the cause of the abnormal behavior in
free fall must have stemned from those forces and moments which are
induced by asymmetries of flow with respect to the plate containing
the angle of attack. Upon examination of the side force and yawing
moment ccefficients it was found that there was a marked difference
between the probe and the no-probe configurations especially at angles
of attack in excess of 10 degrees, Figures 3 and 4 present the side
force and yawing moment coefficients. It is evident that the presence
of the probe significantly influences these quantities. The drastic
change in the side force and yawing moment with rotation of the probe
through 180 degrees is a typical effect of body vortices which are
being shed asymmetrically at large angles of att ck. This phenomenon
was well demonstrated by Thomdon aid MorrisonlOU,1 and it arises
from a preferred right or left "handing" of the body vortices as
deteii'nined by the slight but inevlttble nose probe mIsalignment. In
Figure 5 sinmilaa effects of the nose probe are exhibited by the
induced rolling moment coeffi.ient, where rotation of the probe
through 180 degrees completely changes the sign of the moment at
angles of attack greater than about 12 degrees.,

Further study of the probe was carried out by WOL in the oval Ship.
Research and Development Center (NSRDC) transonic wind tunnel.14
This study was con.erned with making-Magnua measuz'ements on the 14823
research store with and without the nose probe. (Thei M23 configuration
is identical with the M557.A except far a minor difference in contour
of the tail cone which is unimportant in: the context of these

T3M71T.) 7 *ianAawker, I.., "indued Rolling Moment Charecteristics
of the M557 Streamline Bomb at Mach Number O.5,' hA1. Tecn- Memo Aero
1154,, July 1969

Regn,,F. J.j Holmes,, J, E-0 and Falusi, A. E.0 'fl4nus Mesasur~eme~nts
Ott the 14823 Research Store wilth Pikxed and Preely Spinning COrucIform
Stabilizers, Pretly Spinning Monoplane Stabilicers and Split-Skirt

* Stabilizer4,"• NOliral 69-'iN, Naval OnPnance Laborator$, Uovember
* 199

9
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investigations.) Figures 6 and 7 present a portion of the Magnus
data obtained. The probe quite clearly causes the sign of the M4agnus.
side force to change. Also it is evident that the probe has an
influence at significantly smaller angles of attack on a rotating body.,

Recent investigations by Fletcher 1 5 on the Magnus characteristics
of a spinning, inclined ogiVe cylinder have revealed how the measured
side force is critically determined by both the body vortex positions
and cross-flow separation positions which can adopt very asymmetric
configurations. Using the impulsive flow analogy and a simple
potential flow model in conjunction with experimentally determined
values for the cross-flow separation angles and the location and
strength of the body vortices, Fletcher has demonstrated the full
significance of body vortices in their contribution to the Magnus
side force. Thus in terms of the impulsive flow analogy the nose
probe depicted in Figure 1 has such proportions thatl at incidence,
a pattern of flow separation would be fully established over its
cylindrical surface in advance of the basic body nose-cone.
Consequently, flow conditions over the nose-cone would be substan-
tially modified by the probe. It is believed that such flow changes
at the nose are sufficient to displace the primary body vortices
and alter the overall cross-flow pattern, resulting in the observed
dirferences in side force and yawing moment indicated in Figures 6
and 7.

The result of this investigation provides a major conclusion
of the tripartite effort. In unguided free-fall missiles where high
angles of attack may be encountered (greater than about 10 degrees),
small configurational variations, especially in the region of the
nose, can cause drastic changes in the out-of-plane aerodynamic
properties Of the missile. This conclusion provided some of the
motivation to study nose modifications such as the use of note vanes
for controlling the Magnus effect as discussed later in Section 3.0.

3.0 MODIFICATION OF MAGNUS EFFECTS BY NOSE VANES

Further research relating to the original tripartite program was
undertaken recentJy at the Naval Surface Weapons Center, Dahlgren
Laboratory (DL).lo Investigations were made into means by which the
precessional damping of the M823 research store might be increased.
In studying this problems an appreciation of the constraints was first
obtained from the solution of the linear equations of motion; namely,

OFletcher, C. A. J., "An Explanation of the Negative Magnus Side Force
Experienced by a Spinning, Inclined Ogive Cylinder," WRE Tech. Note
489 (WR&D), November 1971
16 Becker, M., and Romans JO. "Effects of Nose Vanes on the Dynamic
Stability of the M823 Research Bombs" unpublished data from the
Naval Surface'Weapons Centers Dahlgren Laboratory

13
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* le (½+Jwn)t, K(A p+ip)t 4  ()

where ais the complex angle of attack) K1, K,,1%t are various complex
constants# A are the dampIng factors, n the frequencies
of the nutational and precess tnal modes, respectively. The damping
factors, An and ADD, are of' interest in assessing stability and may
be written in fter of the aerodynamic derivatives as,

QS2 W(+)
~V r 4)+ tmd (C+ ( mdre U g~ ~j i)±r~a~natJ(2)

where

(1 SW4)/?

and'1 1 4 4ISQdoC
Sg

The necessary. and surficient condition forv the store to be dynamicallr
stable sfo 0 and A 0. It will be noted in Equation (2)
that the signs of the various factors have been indicated. There are.
three options available to the designer io altering the nutational
and preessional daftping aerodynatnieally:. change the norIal orce
derivative, 0M * the da~ngpi-l.n pitch derivative, *m 4 -. and

thbe M~agnus deri1vat Ive, Cn.G * HoweveroC, cannot be altered without

chang-ing the atatic and.., he~nce,o pitch-frequency chfitraetevistios of
the wefl~on. The relationship between "esonance and Pitch frequency
dictate that the normal force coefficient, C, 0"no bereiy

chaned. In Addition, configurationatl changes that would'alter' the
* amin-i ptc drivatve + Ca would almiost certainly affect.

*the pitch frequency. The third term, I -dehtifted as the Hatnue amomnt
derivative, Cn., offers the oaly hope of altering the damping

favotons without at the same time causing .iaaooeptable changes in
the static ohati'acotristics Of the weapon.

It will be noted In Equation (2) that -he Kagus derivative hats
a damping effect on one node and an -undaming, effect on the otherj
regardless of the sign of' the derivative. Thus, th* K4agus effect
increases da~ping of the ptecessional mode and widamps
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the nutational mode (if Cn is po•'itive) or Increases damping of
pa

,the nutational mode and undamps Lhe precessional mode (if C is
npcX

negative). In Equation (2) the term containing the damping-in pitch
derivative, Cmq + Cm., dominates the static force term, Cz.

q a
Accepting this simplification It may be seen that the precessional
damping is more critical beiause the multiplier (1 - T) Is smaller
for the precession mode. Since a negative Magnus moment derivative,
Cn, was measured, clearly any attempt to diminish this quantity

will aid precessionpl damping. Of course, reducing the magnitude of
SCnp, , or even causing it to become positive, will decrease

nutational damping, but, as pointed out above, the situation here
* is less critical.

The Dahlgren Laboratory investigation involved placing nose
vanes on the M823 research store in an attempt to make beneficial
changes to the Magnus moment derivative. The vanes were canted at
+15 and -15 degrees relative to the body center line. Vanes at
the positive cant angle are illustrated in Figure 8. Tests were
conducted by the Dahlgren Laboratory at the Arnold Engineering
Development Center at seven Mach numbers (0.? to 1.2) and at angles
of attack varying from -2 to +16 degrees. The model was driven inspin by means of fins canted at angles from 1 to 5 degrees. In

these trsts the model was mounted on a conventional Magnus balance
which provided four-component data: side force, yawing moment,
normal force and pitcilng moment.

based on the above tests it was found that the- nose vanes caused
a slgrtfica.,t '1teration in the Mkagnus charaeterlstics of the N1""3
research stotw. at transonic speed. The negatively 'arnted vanes
(-15 degrees) caused an Increase of the ,ai'Pnus force In the negatlve
direction compared wlth the force measu fied rn the base conflgurati.:
(no vanes). From Equation (2) it may be seen that an Increasingky
negative Magnus moment derivative results in a decrease in preces-
sional stahility anj an Increase In nutational stability. Since
precessional stability is more critical, the vanes set at -15 degrees
result in a decrease in weapon performance. The positively canted
vanes, on the other hand, were found to reduce the magnitude of thenegative Magnus moment and, In some cases, to cause the sign of

-np to become posltive.

As pointed out above, on!-. four-component data were obtained
in these tests, !.e., the drag coefftc'.nt, CD, and the damping-in
pitch derivative, C + CW. , wel-e taken from earlier tripartite work.

The assumption was made that the presence of" either set of nose vanes
had negligible effect on the drag and on the damping-in pitch
derivative. Using Equation (2) In concert with a roll equation to
generato spin rate, p, and a particle trajectory program to provide

17
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airspeed arnd Mach number, it was possible to compute the damping
XPIý-ý,-,factors for several launch conditions. Figures 9 and 10 present a

comparison between the two vanes and the basic body on the basis
of the nutational and precessional damping, r-espectively. In these
figures the bomb was launched at 600 knots from an altitude of' 30,0i'0
feet. The fin-cant angle was 3 degrees. It may be seen that the
+15-degree vane results in considerably less nutational damping than
either the -15-degree vane or the basic configuration. However,
in the more critical precessional mode, the +15-degree fin vane
markedly Improves the damping. The w.15-degree vane is totally
unacceptable since it undamps the precessionail mode for most of tixc
f light.

One of the more interesting aspects of this investigatioi. Is
the determination of the Magnus dervteC In reference 17

4rivtiv, C,00

the position was taken that the Magnus forces and moments were
identified entirely with the side force and yawing momient. Howe%.Or'1
to use these data 'in a linear stability analysis (sEq. (2)) it was

jnecessary to determine the Magnus moment derivative, Cnlj. A

bivaiateleas-squares fitt-ing technique was used to 0161, the side

force and yawing momiert data as a function of angle of attack and
reduoed spin rate. The mfinimum degx . polynominial which p~rovided z
satisfactory fit Is the following for thfe Magnu~s m~oment,

Co C+ C11 PM C 31 0 C 3  301.3o~(3

l ere p lu -he reduced spin rate an~d a the magnitude, or' the ain-g~t
between tfle zero-lif't Iln-e of' the model, and the prpe-*tream~w
The constanto Co. In an Indicator of' the experitrental biav. and 1s,
of' course, eraluded froini the 61ability ~anaysis. Ciernrly the ttr,
C* Is Identical to the linear M~agnus derivwtlvej iC. an mtay

seenby akig te -st cross derivative. The rer~ainin. term,*

indleate the notillniarity of the yawing r-;oment with the. P. and a
*Vari ablIes. A nonlinear fratvulatiori of" the Magnus derlvatlve ft,'-W

fromt Equation(3

11 C + C3 1

emi 1Valusl, M. E.* 'The S~tatic a *A~~u Aerowiyvmt

Characteri~ttic of~ the ?4823 R~esearch Store Equipped with Fixed and
Freely SpInnin~g StabIl1:erso* WOLTOh 72-291t Naval Ordntane Laert.-y
Deceftber 1972

19



IOLTR 74-SB

TME SiCONOS

0,50



-

lo

1.0 ~ ~ #Y? 2,30 .0546.

1?21



MOLTRk 74-50
n the linear stability analysis (part of the results are presented

in ?pgures a wl1) ws Thus, a spinin •ure 9 an•10) Equs-,;tion (4) was used for Cnp.. hs as

rate dependency wpo introduced into the stability criteria.

Fvrther details of this study o the Magnus moment-altering
vanes are given by Ber.er and Roman.

4.0 OUTLINE OF RELATED rXESEARCH

Re,?nerch in the tripartite program extended over a period of
some -'ears, during which time a variety of related work was initiated.
Sucu activities are outlined below.

4.1 Aorodynamics of the Monoplane Tall

Stabilization of the M823 research store by means of a freely
spinning monoplane tail, as described in Part III (ref. 3) of the
Joint program, clearly shows prnmise for aircraft weapon applications
in underwing stowage. Accordingly considerable effrrt was devoted
to wind-tunnel measurements of this configuration (ref. 18, 19 and
20). To allow realistic predictions of flight behavior, detailed
information was required defining the static and pitch-damping

*i coefficients as functiond of body incidence and stabilizer roll
- '&angle. Figure 11, using data from reference 17, illustrates the

extent of variation in static margin (moment reference about body's
midpoint) exp.rienced with the monoplane tall. Thus, at zero roll
angle (fin panels xormal to the incidence plane) the static marr.n
is one caliber. At 40-degrees roll angle the configuration is just
neutrally stable awd at 90-degrees roll angle the overall center
of pressure moves progressively forward to abcrIt 3 calibers ahead
of the body vertex.

The flight dynamics and stability of missiles with freely
spinning stabilizers was briefly analyzed in Appendix 1 of rbference 3
and is further enpanded in reference 21.

SS~e"gwaVT 77'"Preliminary Static Wind Tunnel Measurements on the
1M423 Research Store with a Monoplane Stabilizer," ptiivate oom.unioa-
tion, Naval Ordnance Laboratory, January 1971

19 Mavsden, P., "Results of Wind Tunnel Tests on the M823 Research
Stare with Fixed Monoplane Fins (ARA Model H23)," ARA Model Test
Note 1425/1,, Bedford, UK, 196Y
20 Wingfield, J. G., "Results of Wind Tunnel Testn on the M623 Research
Store with ft:ed Monoplane Fins (ARA Model 145)," ABA MWdel Test Note

2M25/2, Jedford, UK, December 1968
21fegan, F. J., "Static and Dynamic Stability of Five-Fall Stores with.
Freely Spinning Stabllizeris," NOLTR 73-19, Naval Ordnance Laboratory,
January 1913
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4.2 Application of Freely Spinning Stabilizers to Guided Missiles

~2'~ A potentially very Practical application of the freely
spinning stabilizer is seen to-arise in designing air-to-air guided
missiles# where canard control systems are often used. Roll stabi-
lization is extremely difficult to achieve with conventional canard

designs because or their downwash effect3 on the rearward lifting
surfaces. This inherent weakness may well be overcome by the freely
spinni~ng stabilizer which is not mechanically coupled to the forebody.

V Based upon reasoning of this kind Holmes 22at WOL, has
developed a abix-degree-of-freedom computer program to simulate the
flight performance of powered missiles with freely spinning stabilizers.
Suh a program may be expected to find many applications in the near
future.

4.3 Examination and Measurement of M4agnus Effects

An important aspect of tht~ tripartite program was the
opportunIty it presented for systematically studying the Magnus effect
on a finned missile. It has been qualitatively established for many1K years predating the tripartite research that the M4agnus effect could
be significant in free-fall missile performance. However,, the Magnus
force was often tacitly assumed to be linear in effect and entirely
viscous in origin. Extensive Magnus 'measurements on the 14823 research
store has clearly demonstrated nonlinear variations with angle of
attack and lead to the belief that the Magnus contribution from the

stabilizer may be explained on the basis of inviscid fluid mechanic~s.

Beyond the Immediate post-launch period,, from I to 5 seconds
depending upon the altitude (i.e.9 density) the typical free.-tall
store has a steady state spin rate established uniquely by the angle
of van cant. Thus, if' a wind-tunnel model p-ossessing geometrical
simila&rities (includding fin cant) to a full-scale Weapon is tested
at a given angle of attack and Mach number, the reduoed spin rate
will be that produced by the full-scale weapon at the same Maeh.
number and angle of attack, Sinceethe Mapnus effect Is defined
uniquely by reduced spin rate, angle of attack and Mach number, the
wind.-tunnel ineasured aerodynamic coefricients will be appropriate
to the full-scale weapon, In other words, after an initial period
of 'spin acceleration, the reduced spin rate is not an independent
parameter. It the angle of attack and Masch number are fixed, the
reduced spin rate is also fixed (assuming fin cant to be constant).
Thus, much of the original Magnus program reported in reference 14
was r-erun at the Arnold Engineering Development Center (AEDC). In
these-latter tests fin cant ~as used to drive the model rather than
ata internal electric motor .11 An important result, of' this comparative

22ro i-_E_.j A Power'ed Flight Six-Degree-of-FreedotliTrajectory
Program for 1vehicles with Freely Spinning- Tail Stabilizers," NOLIRT
69-155a Naval Ordnance La1boratory, October 1969

'S 4
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effort was the conclusion that an erroneous simulation will rosult
If a model with zero fin cant$ say, io spun by a motor to simulate
the spin conditons of a canted fin. In short . the KAgnUs effect
over most or the weapon's trajectory is simulated adequately by
spinning the model by means of the exact fin cant,

An interesting study which stemmed frole the above-mientioned
"Magnus testing program was the attempt to predict qualitatively the
M~agnus load due to ~the stabiliser alone through the use of Platou~s
qualitative theory.2' This theory is based upon the alteration of
the stabilizer pressure distribution by means of wake Interoference
on the stabiliz~er. In comparison between. AEDC measurements and a
formulation of Platou's theory$ It appeared that up to 5 degrees
angle of attack the theory was in good agreement with the measured
loads.* The result of this work has been presented In reference 24~.

5.0 BOMB DESIGN CONSIDERATIONS

5.1 Initial Design Study

The weapon designer is faced with many constraints which combine
to place limitations on the range-and even choice of design parameters.
For examples the weapon's overall dimensions must permit carriage
on a variety of aircraft. The diameter Is probably fixed to meet.
existing carria~e requirements. An Important paramefter in free.-fall
dynamics, such ats the mass distributions is severely restricted by
lethality requirements and Internal component layout. ir the weapon
is to be subject~ed to external carriage on a high-speed aircraft,
there will be severe restrictions on bluff-nose shapes. Rack and
bomb-bay stowage places further limitations on the allowable taill
length and fin span, possibly necessitating the use of retractable
fins. In the process of complying with these conistraints,.the
weapon designer can present to the exterior ballistician a fairly
.comprehensive sketch of' the weapon in the. early concept-forming
stages ot design.

With such inrormatio~n the ballistician is able to make aI preliminary estimate of the aerodynamic characteristics and, if
necessary$ suggest~ changes In the configuratioin to ensure that
adequate static stability is obtained.. Some compromise between
weapon designer and bAllistiaian la almost inevitably required in
matching the weapoh/atrcraft interface, and-, too tarequentlys, thin
produces a weapon design with marginal static stability. At this
stage the aerodynamic ea -timates must be ahecked by means of wind-.
tunnel tests on the proposed weapon shape. It Is Important that
the ballistioian be acutely aware-or' the designer's intentions,

~~"Thev Nagnus Force ow a, Pixed Body ,'Ballistic*

lReseax'oh Laboratories Report 1193, March 1963
24Regan,, P. J., "Magnus Measurements on a Prtely,$pinning Stabilizer."
AIAA Paper Nlo. 70-559, AXAAAtisospheric Plight.Kechanics Conference,
Tullahoma,'Tenn.s, 13o15 Nay 1970
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particularly with regard to changes In external shape which may be
daused by small additions# such as lugs$ fuzes and sensors. The
position or the center or gravity and future aircraft carriage
requirements should also be explicitly defined.

5.2 Tasks of the Bal2istician

To achieve the desired weapon effectiveness, bombs must give
predictable performance and consistent aiming capability without
endangering the launch aircraft at release. Factors which the
ballistician must consider in this context are the weapon's quick
recovery from a release disturbance and freedom from dynamic
instabilities during Its fall. In addition, he may be required to
produce preliminary estimates of Impact velocity, t:ime to fall t~o a
specified height and speed at a given altitude. Such Information
on the flight anvironment is generally required early In a weapon
development program to assist with the design of-fuzes, etc.

Consequently, it Is necessary for the ballistician to obtain
an accurate measure of bomb drag, together with the aeroaynamic
characteristics which determine flight stability at both small and
large angles of attack. In the preliminary stages of development
the required aerodynamic characteristics may be estimated by
synthesizing component contribut-ions or predicted from available
data on similar configurations. Later, when a design is "frozen,"
wind-tunnel measurements in~ conjunction with a trajectory simulation
program may be used for fairly precisve estimates of weapon performance.
This latter procedure hT sben discussed extensively In the preceding
reports of this serleu* * 03 For the present purposes therefore,
only the sallent. features of the flight dynamics envelope will be
highlighted.

.* IBy means of a simple diagram it Is possible to illustrate the
regions of stability and instabilitty from which relevant design
criteria may be established for a bomb with fixed stabilizers. The
two most significant palrameters in. establishing bomb dynamic perfor-
mance are thte natural pitch f'' uency and the spin rate. Figure 12
presents a plot of the reduced (natural) pitch frequency versus the
equilibrium reduced spin rate.

A simple expression for the reduced spin rate In terms of aero-
dynamic derivatives and the fin-cant angle fellows from an integration
of' the roll equation of' motion which yields the expression,

C -

p -p

where Ci~ Ct3, and 4 are the roll-driving moment derivative due to

fin cant, the roll-damping moment derivatives and the fin-cant angle,
reepeatively. Thus, for a given configuration, the reduced spin
ratep. Is prop~ortional to the augle of fin cantj,6. It would appear

26



'~~1 UOC* 74e5@

Fl A

'Sr 
W-.

... .. .. .A

FIG. a9 _ _ _ SA IV O CV )



that there is no bound on the upper value that p mav reach. However,
exceesIvely hi•gh spin would be limited by aerodynamic etfects, such
as fin stall, which were not Included In the rlationships from which
Equation (5) was derived. Subsequently, it will be shown that well
within the range of small ftin-cant angles (less than 4 degrees) the
aerodynamic (lagnus) and inertial coupling between Iew and pitch
motions puto a practical upper limit on fin cant and, hence, on
spin rate,

The pitch frequency, m say be written as,

2KT2 md2

where C., 0, V$ So ds m and KT are the derivatives of the static

pitching moment, the aedium density# the free-stream airspeed, the
reference area, and reference length, the weapon mass and the
transverse radius or gyration (in calibers), respectively. The
reduced pitching frequency rollowa from Equation (6) by expreasing

* the mass, M. as

•:, =~ % Sdf`a

where- b Is the average density or the weupon and "R is the fineness
(length-to-diameter) ratio. Equatlon (6) may then De rewritten a.,

Further to this the pitching-moment derivative, C0, may be w•itten

in termsi or the stabilizer normal-force derivative$ CIT as

4 Vb (8)

where 5 is the span of the tall fins In calibers, - the distance
from the weapon center o1 gravity to the aerodynamic center of the
tail, In calibers, and A the aspect ratic of the tail. Inserting
e presgpna (8) into -Equation (7) gives

28
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In this form Equation (9) clearly indicates the basic parameters
which place an upper limit on realizable values of the pitch
frequency. Referring to Figure 11, the boundary defined by Equatior
(9) is represented as a line parallel to the reduced spin rate axis.
Pitch frequencies above this boundaryý region D. are not realizable}, because of operational constraints on fin span, fineness ratio, etc.

A further consideration in bomb design is the avoidance of the
spin-yaw resonance condition which, according to linear analysis42
is associated vith amplification of trim in the presence of small
configurational asymmetries and this occurs when

where • - (KA/KT) 2 is the ratio of the square of the axial-to
transverse radius of gyration. Since this ratio is found to be
less than 0.1 for any practical bomb design, a convenient simplifi-
cation of Equation (10) is

we P

Thus, the resonance condition occurs when the pitch frequency
approximately equals the spin frequency. In Figure 12 this condition
is represented as a straight line of unit slope. The band (region A)
covering this line indicates that resonance may be serious when the
spin rate is in the vicinity of the pitch frequency.

An additional area of danger Is depicted by region E which is
aszociated primarily with flight behavior at large angles of attaca
"Catastrophic yaw" at release is a typical problem ocourring in this
area and is caused when forces and moments induced at high angles
of attack (greater than 15 degrees for a streamlined body) produce
a divergence from the disturbance imparted to the missile at release.
Another problem can arise where fins are designed deliberately to
impart roll. In this case, soon after release, the yaw-induced
rolling moment combines with the basic missile-roll charaoteri~tics
to produce a sustained, large amplitude, lunar motion.

it was mentioned earlier that the presence of Magnus effects
restricted the upper bound of spin rate. This may be more clearly
appreciated by reference to the solution of the linear equations
of motion previously given in expressions 1 and 2. Since the main
concern here is with conditions at the upper limit of spin rate,
it is possible to simplify expression 2 for the nutational and pre-
cessional damping factors by ignoring the term in CNU and assuming

')NaoaicleDs, J. "On the Free Plight Motion of Missiles Having
Slight Configurational Asymmetries," BHL Report No. 858, June 1953
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U - 2(S2) (12)

.- tbecause <1 for large values of •. Under these conditions the

expressions for L. and Xp reduce to

-2 2(3(F . Sm (Cm- + Cma) + Ki2 Cnpm} (13)
~n2mV' in.mA fp

and

A *S~tA~n )(14)P 2mV ACnp

where It has been taken that in the limit as p 0, (w/p) * 0.
For the case of nutational damping in expression (13). since (Cm +

Cm.) is always negative, stability depends upon the sign of Crip

wnioh may take on either sign. If Cnp½ is positive, then nutational

stability depends upon the relative magnitudes of Kj2 (C%, + Cm.) and

Kj2 Cn. The pitch damping derivative is usually between an order

to two orders of .magnitude larger than Cn, but KA is about 30

times the size of Ki 2 . However, it would appear possible to stabilize

most weapons-in nutation at large spin rates.

"The precessional mode usually presents the greatest difficulties
In stabilization. Thus, as seen from expression (14), if the N4agnus
derivative is negative (Magnus center of pressure ahead of the
center of grAvity) the weapon will be unstable in precession.
Fu4thermore, weapon stability is independent of the static pitching!.
moment derivative, .C%, which is th-e essential stability parameter

for a non-spinning:body. This lack of dependence of stability upon
Cm and, hence1 of gl-ves rise to the region F in.. Figure 12.

Basically region F indicates that beyond a certain spin rate there
. isthe.poosibility (depending upon the sign and bagnitude of-Onpm)

"of either a nutational 'or precessional Instability due to Magnue
and that this instability is independent of the 4tatltci. -
moment derivative.*

2' 1 30, ' • I :- " : " i
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Finally, It may be seen from Figure 12 that if motion amplitudes,
part~cularly in response to launch disturbances, are kept reasonably
sma:l (less than about 15 degrees), then two regions at B and C
exist where satisfactory flight performance should be achieved. In
reglon B the pitch rate is always higher than the roll rate and in
region C the converse is true. It is important to note that as the
lower left hand corner of both regions B and C is approached, fin
alignments must be controlled to progressively smaller tolerances
if the resonance region A is to be avoided.

The preceding discussion is concerned with the stability of
symmetric weapons with fixed-cruciform stabilizers. The derived
criteria are equally valid for weapons fitted~with freely spinning
stabilizers, provided the reduced spin rate, p, and the axial radius
of gyration, KA, refer to the stabilizer alone. In references 3
and 21 the concept of a freely spinning stabilizer was extended to
bistable configurations with particular reference to the so-called
monoplane tail. A detailed stability analysis for weapons using
this type of stabilizer is given in reference 21.

A full understanding of missile dynamics is essential for
successful weapon design. The occurrence of large amplitude
oscillations in a free-fall unguided weapon can cause aircraft-weapon
collisions, degrade performance by large increases in drag and
affect weapon functioning. A second important consideration in
weapon performance is the magnitude of the zero-lift drag.

Missile drag must be known for the preparation of aiming data
and three basic techniques are commonly used to determine this
important parameter; namely, wind-tunnel measurement, free-flight
model tests and full-scale trials. When a weapon development program
has progressed sufficiently to allow precise representation of the
full-scale missile, wind-tunnel tests are required to give an
accurate measurement of static stability. The importance of detailed
reproduction of shape and exiticences at this stage was shown early
in the Bomb Dynamics Program., i Wind-tunnel testing initiated too
early may lead to misleading results, followed by the need for
expensive duplication of the work. Drag should be measured in these
tests but need only be determined at discrete Mach numbers. To
minimize the interference effects, wind-tunnel models are normally
mounted from their base on a stIng support. However, ever, with an
arrangement of this kind, difficulty may be experienced if the
missile has a significant boattail. In such cases the sting diameter
required to withstand aerodynamic loads on the model may be virtually
equal to the model's base diameter. The result is a distortion of
the flow in the base region. Various semlempirical relationships

* . are necessary to correct these measurements. These corrections are
often troublesome to validate, particularly for transonic flow
conditions.

The dependence of missile drag upon Mach number can be established
in free flight by rveans of ground-launched rocket trials In which
scale models are boosted to any desired maximum speed before being
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allowed to separate and rail free],,. mleasurements or deceleration
and velocity of the m~odel after aeparation froma Its boost Motor
provide the necessary basic data. This Is a quick and convenient
method which Is appropriate to an early-stage of a developvent program.
The experiment can be extended to Include lateralli tired, short-.
duration rocket motors to disturb the model In fl Chu and, hence,
provide a technique for determining dynamic-stability derivatives,
These latter maeasuremaents should be confirmed at a later stage under
the more controlled conditions of wind-tunnel tests.

The last part of a ballistic design exercise consists of free-
fall drops of early production or preproduction roundeA from which
drag would be measured on a sample of stores in order to confirm
earlier measurements and give an estimate of consistency. All
three techniques outlined above have been used to measure drag on a
particular bomb (see Figure 13). The results of these measurements
are given In Figure 1~4.

5.3 A Practical Example of B3omb Design

To indicate how various testing techniques may be applied to
problems In bomb design,.the following example Is drawn from recent
development of the bomb which is illustrated In Figure 13. Initial
studies of this bomb were based on an earlier design for which some[I. wind-tunnel data were- available; these data were used to predict
fin shze and center-of-gravity positions. However, during engineering
development of the weapon, certain changes were made which necessi..
tated an Increase In centerbody length, * growth In tail cone base

diamterand a linitation Imposed on fin ap-an. The use of
retractable fine on this bomb was ,iot a,*o !A t_ the weapo designer.

When details ot the basic configuration had been agreed to., It
became important to performu mix-component wind-tunnel tests on a
model. The largeat possible model scale was chosen to give confidence
in reaults for Inoidence angles up to 30 degrees. The data roithese
wind-tunnel tests were fairly typical for a cruelforim bomb.
However, there was evidence of static instability at small angles of
attack at transonic speeds and low static stability at all speeds.
Having obtained detuailed aerodynamic data on the store., computer
studies were then Initiated to predict the likely performance of the
weapon and to assess requirements for the manufacturing tolerances.
It'should be em~phasized 'here how modern computing facilitiea have
contributed most significantly to the analysis of problems in
ballistics. It io now commonplace to solve the equations or motion
of' a rigid body having six degrees of freedom and subject to a
position and rate of change of position dependent systen or external
aerodynamic forces and moments. Computer programs are currently
available to hagdle-problems 1With widely varying complexity, The
works of Moitmeso and Goodaley were used eatensively In the Bom~b
D~ynamics IProgram*

Ow~e,~w, KO Aot O*Sowe Results of Force and Preissuw' Plottlng- Tests
on a Zymmetr'iall Wtora.w ARA Mvndl 'Test Note. 5466/2
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For the :.?-eference bomb, two types .*f computation were performed..
The first, which might be termed a "catastrophic yaw search,"
2-omprised a number of predictions representing three seconds of
flight from release. Mach number and release height were varied to
cover the operational range of the weapon and systematic changes were
included for center-oft-gravity position, fin cant and initial roll
orientation. Due to flow deflection in bomb bays and outwash effect
on pylon-carried bombs, the initial roll orientation of the angle-of-
attack plane cannot be readily determined. This follows from the
fact that the measurement of the flow characteriattcs for the
required multiplicity cf aircraft and weapon characteristics is quite
prohibitive. Even by restricting the combinations of variables to
ind~ude only the more critical situations, it was found necessary to
excamine between two and th.-ee hundred cases for the bomb under

*consideration. For-ease of interpretation, complex yaw plots were
produced for each case; systematic changes were noted and danger
areas were identified for the range of .parameters. Illustrations of
examplen of these plots are shown in Figures 15 and~ 16. The sec9nd
type of computation, which could be described as a "resonance search,"
niade use of the computer program to predict flight histories of the
ratio of the pitch-to-spin frequency for a range of representative
release conditions, From these records it was a simple matter to
deduce, £r-r each center-of-gravity position, a limiting fin cant
which would always maintai~n the spin-to-pitch frequency below T'esonanc
With result-s obtained from these computer studies it was posasible to
specify an e-nvelope of maxii-tum allowable release disturbance center-
of-gravity shift and fin manufactur4.ng tolerance.

On the. basis of prediotions from 't-he "catastrophic yaw search"
and. the "resonance search," it was established that, for a maximum
release disturbance of 20 degrees, the fin cant should not exceed a
value of approximately 0.05 degree. This figure was determined
primarily by the fact that limitations on fi~n span produced a weapon
-with low static stability and correspondingly low natural pitchin6.
frequency. Accordingly. to-avoid both resonance and adverse. roease
disturbance effectu, the most suitable deeign criterion waa to

4.nti rol 4ats below the pitching frequency (that is, design
for the lower left-hand cor'ner of region B ghown In Figure 12). To
maintain & tolerance of such small Pkagnitude, tt was necessary to
sub~mit fins of preproduction rounds to zaarching examiniation. A
computer pro~rain was therefox'e prepared t~o malce use, of 33 measure-
ments ovrer each fin surface so that.- airfoil theory could, be applied,
taking account of fin cant, camber ai~d-twist to deteranlne an erlfeeoive
mean fin-cant aingle for the tail,?7 These me~an fin-~cant. an~ies werte'ý
subsequently compared witb equivalent mean fin-Oant angles derived
from the roll histories o. the free-flight fullw'szca.le t'rialsa -The
results, shown in Figure 17, exhibited. a disc oureping lack of
correlat'ion, but did indicate that the roll toleranco wa,. being
easily met, The lack of aoorrelation i~s thought 'to be due tO roll

Z7-it, X-7071 "A Rethod for Estimating the Cant. an P~in Zero Lift
Angle Accidently B~uilt int"o a Misvile Duri.ng,t4aiiufaaturo "LA4-t~ing
Engineering.. Ltd..,: Tech. Memo HE/TM/77/l?77 ?eb-N&&yi 1%4!
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induced by body asymmetries and to the difriculty of measuring the
fins to the accuracy required for the computer program. However,
since the method could clearly detect fin misalignment at the
tolerance rejection level, the computer program was adopted as a
standard production inspection tool.

6.0 CONCLUSION

A primary objective of the joint WOL/RAE/WRE research program
on bomb dynamics has been to demonstrate the feasibility of predicting
free-fall weapon performance on the basis of motion simulations using
relevant aerodynamic data as measured in wind tunnels in conjunction
with digital computing techniques. In general, the predicted motions
of the bomb test vehicle have shown a high degree of correlation
with the observed flight histories, although, as might be expected,
complete equivalence was never achieved. It was, therefore, demon.
strated that wind-tunnel tests of precisely similar models can yield
data which may be used with confidence to predict full-scale missile
behavior. A significant result of the research has been insight
accuired on the importance of yaw-induced forces and moments in
contributing to the stability of streamlined missiles and the
sensitivity of these forces and moments to small configurational
changes.13

With reference to the fixed-cruciform finned bomb, new techniques
of design have been established, making use of wind tunnel and free-
flight tests which are supported by comprehensive ballistic performance
studies carried out on high-speed computing facilities. Such methods
have been shown to highlight the effects of poor design at an early
stage in weapon development and to provide a reliable means for tbe
assessment of ballistic consistency.

The experiments with unconventional stabilizers2 ,3 have shown
that freely spinning cruciform tails fitted to a bomb eliminate the
induced rolling moment and diminish the induced yawing moment and
side force. Thus, it should be possible to lower the static-stability
boundaries. If suitable engineering designs can be found for the
bearings, then the spinning stablizer will provide an attractive
solution for many freely falling weapons. However, it was also
shown that the split-"skirt does not offer a simple solution to the
stability problems. With unflanged surfaces this stabilizer is not
free from adverse effects induced by yaw and the use of flanged-skirt
segments gives only a modest improvement in performance.

Throughout the research program, wind-tunnel facilities in
the United Kingdom, United States and Australia were used to produce
the required aerodynamic data. Comparisons of these data, which
were based on identically similar models, provided a most effective
means for checking the'results because the various wind tunnels had
widely differln. capabilities. Particularly interesting correlations
of dynamic measuring methods were made possible with data from "f*re
oscillation" tests in the United States and "forced oscillation"
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tests in the United Kingdom. In general, the results showed good
agreement and were confirmed by full-scale measurements made in the
free-flight trials.

Concerning overall supervision of the program, there is no doubt
that communication difficulties contributed to a rather prolonged
time scale. In consequence, the working teams did experience difficulty
in maintaining their level of effort under the conflicting prioriites
of other tasks. Although formal reporting of the results has been
kept up-to-date through meetings such as TTCP, documentation of the
work has been seriously delayed. However, it should be emphasized
that a number of factors contributed to successful cooperation in
carrying out the research, creating a vital and cohesive influence
throughout, which did much to extend the scope and depth of the
work undertaken.

Thus, meetings at working level were convened on an average at
yearly intervals to discuss the technical problems and report progress.
On such occasions overseas travel was minimized by limiting partici-
pation to only those people who were working directly on the research.
Specific objectives were set for the research teams of each country
by experts in exterior ballistics who met at special symposia or
at meetings of the Exterior Ballistics Panel (07) of The Technical
Cooperative Program (TTCP). Furthermore, in planning the program
of activities, consideration was given to the talents and facilities
available in each country so that the overall effort could be
directed to obtain the greatest possible advantage.
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